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Kinesin-Dependent Axonal Transport Is Mediated
by the Sunday Driver (SYD) Protein
for kinesin-I on potential cargoes is poorly understood.
One potential receptor protein is kinectin, an integral
membrane protein found on the ER (Toyoshima et al.,
Aaron B. Bowman,* Adeela Kamal,*
Bruce W. Ritchings,* Alastair Valentine Philp,*
Maura McGrail,* Joseph G. Gindhart,†
and Lawrence S. B. Goldstein*‡ 1992; Kumar et al., 1995). Kinectin, however, is not found
in C. elegans or Drosophila, and is apparently absent*Howard Hughes Medical Institute
Department of Cellular and Molecular Medicine from axons (Toyoshima and Sheetz, 1996). Thus, a mem-
brane receptor linking axonally transported cargoes toDepartment of Pharmacology
University of California, San Diego kinesin-I has not been identified.
To identify proteins required for the interaction of9500 Gilman Drive
La Jolla, California 92093 kinesin-I with axonally transported organelles and vesi-
cles, we initiated a screen for axonal transport mutants†Department of Biology
University of Massachusetts, Boston in Drosophila. This screen has led to the identification
of a highly conserved membrane-associated protein,100 Morrissey Boulevard
Boston, Massacussetts 02125 sunday driver (SYD), likely to mediate the functional in-




A broadly conserved membrane-associated protein
required for the functional interaction of kinesin-I with sunday driver Is Required for Axonal Transport
axonal cargo was identified. Mutations in sunday in Drosophila
driver (syd) and the axonal transport motor kinesin-I To identify novel regulators and components of the axo-
cause similar phenotypes in Drosophila, including ab- nal transport process, we performed a screen for axonal
errant accumulations of axonal cargoes. GFP-tagged transport mutants in Drosophila. Identification of mutant
mammalian SYD localizes to tubulovesicular struc- larvae in this screen was dependent on the observation
tures that costain for kinesin-I and a marker of the of either of two phenotypes, a distal larval sluggishness,
secretory pathway. Coimmunoprecipitation analysis or a peculiar “tail-flipping” phenotype. These pheno-
indicates that mouse SYD forms a complex with types were found previously for mutants lacking sub-
kinesin-I in vivo. Yeast two-hybrid analysis and in vitro units of cytoplasmic dynein and kinesin-I, establishing
interaction studies reveal that SYD directly binds them as retrograde and anterograde axonal transport
kinesin-I via the tetratricopeptide repeat (TPR) domain motors, respectively, in Drosophila (Hurd and Saxton,
of kinesin light chain (KLC) with Kd < 200 nM. We 1996; Bowman et al., 1999; Martin et al., 1999). This
propose that SYD mediates the axonal transport of at screen led to the identification of a novel gene called
least one class of vesicles by interacting directly with sunday driver (syd). The EMS-induced sydZ mutant allele
KLC. is a recessive larval lethal, showing a strong “tail-flip-
ping” phenotype and mild distal larval sluggishness (Fig-
Introduction ure 1A). The syd mutants show no sign of mitotic defects
(e.g., reduced imaginal tissue, rough eyes, etc.) that have
Conventional kinesin, kinesin-I, was first identified as a been reported for mutants in cytoplasmic dynein but
motor protein thought to drive vesicle and organelle not kinesin-I.
movement in axons from squid and vertebrate brain Mutations that interfere with the axonal transport
(Brady, 1985; Vale et al., 1985). Subsequent biochemical, process in Drosophila result in the massive accumula-
cytological, and genetic work substantiated this view tion of anterograde and retrograde membranous axonal
and led to significant insight into the structure of kine- cargo within the axons of the larval segmental nerves
sin-I, and how this structure allows it to carry out its func- (Hurd and Saxton, 1996; Gindhart et al., 1998; Bowman
tions (reviewed by Goldstein and Philp, 1999; Goldstein et al., 1999; Martin et al., 1999). Immunohistochemistry
and Yang, 2000). Kinesin-I is composed of two kinesin of syd mutants reveals massive accumulations of vari-
heavy chains (KHC) and two kinesin light chains (KLC). ous axonal membrane bound cargoes, as well as axonal
The force-generating motor activity of kinesin-I appears transport motors such as kinesin-I (data not shown)
to be contained with the N-terminal region of KHC, within the segmental nerves of multiple independent syd
whereas the cargo binding and regulatory activities of alleles (Figure 1). Thus, proper syd function is required
kinesin-I are conferred by the tail domain composed of for efficient axonal transport in Drosophila, and the syd
KLC and the C-terminal region of KHC. mutant phenotypes are nearly indistinguishable from
Several classes of membrane bound organelles and mutants lacking the anterograde axonal transport motor
vesicles have been suggested to be transported by kinesin-I.
kinesin-I. However, the nature of the protein receptors
Cloning of sunday driver from Drosophila
Drosophila syd (syd) was mapped to the left arm of‡ To whom correspondence should be addressed (e-mail: lgoldstein@
ucsd.edu). chromosome 3 at cytological position 66AB using failure
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Figure 1. syd Is a Novel Axonal Transport Mutant
(A) Mutations in syd result in axonal transport defects in Drosophila. In contrast to wild-type larvae (left column), the sydZ mutant larvae (right
column) display the “tail flipping” phenotype common for Drosophila axonal transport mutants (upper panel), and accumulations of axonal
cargo within their segmental nerves as indicated by immunohistochemistry with antibodies against synaptotagmin (lower panel).
(B) The mutants sydZ (left panel) and syd2H (right panel) fail to complement deficiencies of the 66AB genomic interval and show characteristic
axonal transport mutant phenotypes such as axonal cargo accumulations, indicated by immunohistochemistry with antibodies against cysteine
string protein (both panels).
of complementation with several deficiencies in the syd complementation analysis between syd and pbl clearly
demonstrates that they are independent genes (i.e., sydinterval, including Df(3L)pblNR and Df(3L)SW51 (Figure
1B). To facilitate molecular cloning of syd, we performed complements several independent pbl alleles). Second,
the B104 retrotransposon and its flanking sequence isa P-element mobilization screen to generate new
“tagged” alleles of syd. This screen resulted in the identi- present at high copy number in the Drosophila genome,
making it unlikely to result in a phenotype upon mutation.fication of several additional alleles, one of which,
Df(3L)sydA2, is a small deficiency that removes z25 kb Third, we sequenced the proposed syd gene from three
independent syd mutant alleles and found sequenceof genomic DNA, allowing us to narrow the candidate
syd genomic interval (Figure 2A). Sequencing of this changes in each that severely disrupt the protein en-
coded at this locus. These mutations include sydD1 andinterval identified three genes potentially affected by
Df(3L)sydA2: a gene corresponding to the Drosophila EST sydZ which are, respectively, a 24 bp deletion at an
intron/exon boundary, and a G to A point mutation atclone GH19969, a B104 retrotransposon and its flanking
genomic sequence, and the gene pbl. As indicated in the conserved 39 splice acceptor site of the same intron/
exon boundary. RT-PCR from these homozygous mu-Figure 2A, the gene corresponding to the EST GH19969
can be demonstrated to be syd by several criteria. First, tant larvae demonstrated that both mutations cause a
Axonal Transport Is Mediated by sunday driver
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Figure 2. Cloning of syd and the SYD Family
of Proteins
(A) Map of the syd genomic interval at 66A
identified by Df(3L)sydA2. Genomic sequenc-
ing of this interval revealed two genes and a
retrotransposon. Complementation analysis
with the P-element insertional mutant line
pbl09645, ruled out pbl as a syd candidate. Se-
quencing of three independent syd alleles
(the small deficiency, sydD1, and the two point
mutants, sydZ and syd2H) positively identified
syd.
(B) Illustration of the primary structure of SYD
proteins, which range in size from z1200 to
z1400 amino acids. SYD has a predicted
transmembrane region (transmembrane re-
gion 1) located at residues z750 to z800.
The N-terminal domain contains two regions
strongly predicted to form a coiled coil. The
C-terminal domain contains a hydrophobic
core that is highly conserved between inver-
tebrate and mammalian SYD, and other SYD
related proteins.
(C) A dendrogram and table showing the ho-
mology between SYD proteins. Bold typeface
indicates the proteins for which full-length se-
quence is available. The percent similarity in-
dicated on the dendrogram branches indi-
cates the similarity between the two branches
to the right of that branch (e.g., human SYD1
and mouse SYD2 are 69% similar). The table
to the right of the dendrogram compares the
similarity of the N-terminal domain (left col-
umn) or C-terminal domain (right column) of
Drosophila SYD with the same domain from
human SYD1 (top row), mouse SYD2 (middle
row), or C. elegans SYD (bottom row).
failure of the intron to splice, resulting in a premature clones and analyzing publicly available genomic and
EST sequence data, we assembled a full-length se-stop being encoded within the mutant transcript follow-
ing amino acid position 514, truncating 58% of the pro- quence for human syd1 (hsyd1) (e.g., accession #
AB011088, and others), and mouse syd2 (msyd2). Thetein (just N-terminal to the predicted transmembrane
region 1, see below). The third mutant sequenced, syd2H, msyd2 EST clone MNCb-2026, accession # AU051436,
was in fact a full-length clone, which we sequencedis a C to T point mutation within exonic sequence which
results in a premature amber stop codon at amino acid (accession # AF262046) and then used for later transfec-
tion experiments. Using publicly available data we alsoposition 285, truncating 77% of the protein.
The EST clone GH19969 is an incomplete syd cDNA assembled an z65% complete human syd2 (hsyd2) and
an z20% complete mouse syd1 (msyd1). mSYD2 andclone derived from a Drosophila head cDNA library. We
obtained several full-length syd cDNAs by RT-PCR and hSYD1 are more closely related to each other (69%
similar) than they are to Drosophila SYD (52% and 55%screening of a Drosophila cDNA library. Sequence analy-
sis revealed the presence of three small alternate exons similar, respectively). Recent work by other groups also
identified msyd2 as a neural-enriched protein that actswithin the coding sequence, with the transcript having
the largest open reading frame predicting an encoded as a scaffold for the c-Jun N-terminal kinase (JNK) group
of mitogen-activated protein kinases (MAPKs) (Ito et al.,protein of 1227 amino acids (accession # AF262045).
1999; Kelkar et al., 2000).
Comparative and motif analysis of SYD proteins fromThe sunday driver Family of Proteins
BLAST analysis with the predicted syd protein sequence various species identified several potential protein do-
mains (Figure 2B). SYD has a centrally located predictedrevealed homologous proteins from a variety of species,
including C. elegans, mouse, and human (Figure 2C), transmembrane region shared by all homologs from
Drosophila, mouse, human, and C. elegans. Since SYDbut not S. cerevisiae. While there appears to be only one
syd homolog in Drosophila and C. elegans, mammals proteins uniformly lack an N-terminal signal sequence,
the most likely membrane orientation is with a cyto-apparently have two, syd1 and syd2. By sequencing EST
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plasmic N terminus (type-II); in fact, a predicted hy- processes, GFP-mSYD2 localizes to vesicles within
these processes. The morphology of GFP-mSYD2 local-drophobic signal-anchor sequence lies just N-terminal
ization is consistent with SYD being a membrane-asso-to the predicted transmembrane region. This predicted
ciated protein.transmembrane region divides the protein into two
Mitochondria, the ER-to-Golgi intermediate compart-parts, comprising an N-terminal and C-terminal domain.
ment (ERGIC), Golgi, and vesicles of the early secretoryThe N-terminal domain contains two regions strongly
compartments have been described to have a tubu-predicted to form a coiled coil in all SYD homologs.
lovesicular and small vesicle morphology. The trans-Additionally, there are other small regions within this
fected cells were analyzed with vital dyes and by immu-domain (ranging in size from 30 to 90 amino acids) that
nocytochemistry to determine if GFP-mSYD2 localizesare highly conserved (up to 80%–90% identical) be-
to any of these known structures. Using two indepen-tween SYD homologs. Also, the N-terminal domain of
dent markers of mitochondria, COX1 (data not shown)SYD is very acidic, having an isoelectric point of 4.97,
and Mitotracker, we failed to see any significant localiza-5.17, and 5.00 in SYD, mSYD2, and hSYD1, respectively.
tion of SYD with this organelle (Figure 3C). Using aThe C-terminal domain contains a conserved hydropho-
marker of the ERGIC, b9-COP, we failed to see any signif-bic core of 204 residues that is highly conserved be-
icant localization of SYD with this compartment (Figuretween Drosophila and mammalian SYD (z76% similar
3D). However, using a marker of the Golgi and vesiclesand z67% identical). Since, the C-terminal domain is
of the early secretory compartment, Golgi-58K (G58K),hydrophobic it is possible that SYD has additional trans-
we observed that SYD localized almost entirely to thesemembrane regions in this domain. Further work is
compartments (Figure 3E). Additionally, markers for ei-needed to determine the nature of membrane associa-
ther mitochondria or the ERGIC showed no significanttion for SYD proteins.
difference between transfected and neighboring untrans-Further analysis of public sequence data reveals an-
fected cells. However, G58K immunostaining showed aother class of syd-related proteins in Drosophila and mam-
profound increase in abundance in GFP-mSYD2 trans-mals which share the SYD C-terminal domain but have a
fected cells, compared with neighboring untransfecteddifferent N-terminal domain. Instead of the N-terminal
cells or GFP vector transfected cells. In fact, it wascoiled coil domain, these genes contain a BCR-like Gua-
possible to accurately predict which cells were GFP-nine nucleotide-exchange factor (GEF) motif. cDNAs
mSYD2 transfected by looking for increased G58K im-corresponding to two sydlike-GEF proteins (sydlGEF)
munostaining.were identified in Drosophila (accession # AAF48732
To test whether SYD associates with microtubule-and AAF55465) and humans (accession # AB002292 and
dependent motors in vivo, we examined the GFP-AB02335). The human sydlGEF proteins are about 53%
mSYD2 transfected cells by immunocytochemistry tosimilar to the C-terminal conserved hydrophobic core
determine if SYD colocalizes with kinesin-I or cyto-domain of hSYD1, they are also predicted to be trans-
plasmic dynein. Using the 63–90 KLC antibody (Stenoienmembrane proteins. Given the similarity between syd
and Brady, 1997), which recognizes mammalian KLC1and sydlGEF, they are likely to have the same membrane
and KLC2 (Rahman et al., 1998), we observed that al-topology. Since GEF domains function in the cytosol,
most all GFP-mSYD2 colocalized with kinesin-I (Figurethis observation supports a membrane topology model
4A). This result was confirmed with KLC1 specific andwith a cytoplasmic N-terminal domain for both classes
KLC2 specific antibodies (data not shown). A similarof proteins.
increase in KLC staining was observed in GFP-mSYD2The kinesin-I-like axonal transport defect phenotypes
transfected cells as was observed for Golgi-58K com-of syd mutants, combined with the observation that SYD
paring transfected to neighboring untransfected cellsis a neural-enriched (Ito et al., 1999; Kelkar et al., 2000)
(see above). In addition, using an antibody against thepredicted transmembrane protein, led us to postulate
dynein intermediate chain (DIC), we also observed a
that SYD is a kinesin-I binding membrane-associated
significant colocalization between GFP-mSYD2 and cy-
protein required for microtubule-dependent axonal
toplasmic dynein (Figure 4B).
transport. We tested two important predictions of this To further explore the localization and biochemical
model. First, that SYD is a membrane-associated protein behavior of SYD, we generated antibodies against two
localized in axons and post-Golgi vesicles of the secre- independent SYD antigens. A C-terminal peptide (con-
tory pathway, and second, that the microtubule-depen- served between all SYD homologs) was used to gener-
dent motor kinesin-I interacts directly with SYD. ate the antisera SC1 and SC2. Also, an N-terminal
mSYD2 fusion protein was used to generate the antise-
SYD Is a Membrane-Associated Protein Localized rum SN1. All SYD antisera recognize the same band in
to Post-Golgi Vesicles Western blots of mouse brain extracts migrating at
To explore the intracellular localization of SYD, we con- about 147 kDa, the predicted molecular weight of
structed a GFP fusion protein with full-length mSYD2 mSYD2. However, since all three antisera recognized
under control of a CMV promoter (GFP-mSYD2). To allow more than one band in mouse brain extracts (SC1 and
for good morphological assessment, we transfected a SN1 antisera shown in Figures 4C and 4D, respectively),
large epithelial cell line (CV-1 cells) with GFP-mSYD2. the use of antisera recognizing two independent epi-
Transfected GFP-mSYD2 localizes to structures with a topes allowed definitive identification of mouse SYD.
tubulovesicular and small vesicle morphology (Figure The antisera may recognize both mSYD1 and mSYD2,
3A). Transfections with the GFP vector control showed given the high degree of conservation between them.
a diffuse cytoplasmic and intense nuclear localization Western blots of mouse sciatic nerve tissue (which
primarily contains motor and sensory neuron axons, but(Figure 3B). CV-1 cells in culture typically extend small
Axonal Transport Is Mediated by sunday driver
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Figure 3. The Subcellular Localization of SYD
(A) GFP-mSYD2 transfected CV-1 epithelial cells. GFP-mSYD2 shows a small vesicle and tubulovesicular morphology. GFP-mSYD2 is localized
to vesicles within cytoplasmic processes normally extended by these cells in culture.
(B) GFP control plasmid transfected CV-1 cells. GFP shows strong nuclear and diffuse cytoplasmic morphology.
(C) GFP-mSYD2 transfected CV-1 cells (lower left panel shows GFP) costained with MitoTracker, a mitochondrial marker (lower right panel),
do not significantly colocalize when merged (upper panel).
(D) GFP-mSYD2 transfected CV-1 cells (lower left panel shows GFP) immunostained with an antibody against b9-COP, a marker of the ERGIC
(lower right panel), do not significantly colocalize when merged (upper panel).
(E) GFP-mSYD2 transfected CV-1 cells (lower left panel shows GFP) immunostained with an antibody against Golgi-58K, a marker of the Golgi
and post-Golgi secretory pathway (lower right panel), show significant colocalization when merged (upper panel).
not neuron cell bodies) indicate that SYD is probably N-terminal domain of SYD and KHC. However, a signifi-
cant interaction was observed between the N-terminalpresent in axons (Figure 4C). Also, Western blots of
extracts of mouse brain membrane pellets reveal that domain of SYD and KLC. To determine which domain
of KLC interacts with SYD, we examined the interactionendogenous mouse SYD is extractable by detergent,
but not high salt or chaotropic agents, suggesting that of the N-terminal domain of SYD with the coiled coil
domain or the tetratricopeptide repeat (TPR) domain ofSYD is strongly membrane-associated (Figure 4D). How-
ever, since the SYD antisera recognize multiple bands KLC independently (Figure 5B). We observed a signifi-
cant interaction between the N-terminal domain of SYDin mouse brain and sciatic nerve extracts, we could not
use them to reliably determine the intracellular localiza- and TPR domain of KLC, while the coiled coil domain
of KLC and vector control showed minimal interaction.tion of endogenous mouse SYD.
The significance of the difference in b-galactosidase
activity seen between full-length KLC versus the TPRSYD Interacts with Kinesin-I by Binding KLC
To test for a direct interaction between SYD and kine- domain of KLC is unknown, but may just reflect inequali-
ties in expression or protein stability of the two con-sin-I, we examined whether SYD would bind the Drosoph-
ila subunits of kinesin-I (KHC and KLC) by yeast two- structs in yeast. These data suggest that SYD interacts
with kinesin-I by binding the TPR domain of KLC.hybrid analysis (Figure 5A). We detected no interaction
between the C-terminal domain of SYD and either KHC To determine if SYD interacts with kinesin-I in neurons
in vivo, we performed coimmunoprecipitation (IP) analy-or KLC. Also, no interaction was detected between the
Cell
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Figure 4. SYD Colocalizes with Microtubule-Dependent Motors and Extraction of Endogenous SYD from Mouse Brain
(A) GFP-mSYD2 transfected CV-1 epithelial cells. GFP-mSYD2 fluorescence (left panel) and 63–90 antibody (which recognizes both KLC1 and
KLC2) immunostaining (middle panel) show significant colocalization when merged (right panel).
(B) GFP-mSYD2 transfected CV-1 cells. GFP-mSYD2 fluorescence (left panel) and DIC antibody (which recognizes cytoplasmic dynein)
immunostaining (middle panel) show significant colocalization when merged (right panel).
(C) Wild-type mouse brain and sciatic nerve extract, analyzed by Western analysis for SYD (as indicated) using the SC1 antiserum. Cross-
reacting bands seen with antiserum are marked by an asterisk.
(D) Wild-type mouse brain pellets extracted with either low or high salt buffer, 0.7 M KI buffer, or NP-40 buffer, analyzed by Western analysis
for SYD (as indicated) using the SN1 antiserum. Cross-reacting bands seen with antiserum are marked by an asterisk.
sis from detergent solubilized mouse brain extracts (Fig- as expected. The identity of the immunoprecipitated
SYD band was confirmed with all three SYD antisera,ure 5C). We found that SYD could be coimmunoprecipi-
tated with kinesin-I antibodies (KHC, KLC1, and KLC2 the C-terminal antiserum SC1 (Figure 5C), the C-terminal
antiserum SC2 (Figure 5D, left), the N-terminal antiserumantisera, and the KLC 63–90 antibody), but not in the
bead (no antibody) control or with antibodies against SN1 (Figure 5D, right), or both antisera combined (Figure
5D, middle); a band migrating at the mSYD2 predictedcytoplasmic dynein (DIC antibody). KLC1, KLC2, and
DIC are pelleted in the appropriate immunoprecipitates molecular weight is seen in all instances. To determine
Axonal Transport Is Mediated by sunday driver
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Figure 5. SYD Interacts with the Light Chain Subunit of Kinesin-I In Vivo
(A) The DNA binding domain “bait” fusion proteins (DBD-empty [vector control], DBD-SYDct [SYD C-terminal domain], or DBD-SYDnt [SYD
N-terminal domain]) were coexpressed in yeast cells containing a lacZ reporter gene with the transcription activation domain “prey” fusion
proteins (AD-empty [vector control], AD-KHC [KHC tail domain], AD-KLC [full-length KLC]). The physical association of bait and prey was
measured indirectly by assaying lacZ reporter gene activity on solid media containing X-gal, with white colonies indicating no interaction,
and blue colonies indicating an interaction.
(B) The prey fusion proteins (AD-empty, AD-KLC, AD-KLCcc [KLC coiled coil domain], or AD-KLCtpr [KLC TPR domain]) were coexpressed
in yeast cells with the bait fusion protein DBD-SYDnt. The physical association of bait and prey were measured as in (A) and by measuring
Miller units of b-galactosidase activity (reported as a 95% confidence interval) with ONPG liquid assays.
(C) Kinesin-I (KHC, 63–90, KLC1 and KLC2 lanes), cytoplasmic dynein (DIC lane), and a mock no antibody control (beads lane) were immunopre-
cipitated from wild-type mouse brain extract (extract lane). The extract and precipitates were analyzed by Western blot for SYD using the
SC1 antiserum, KLC1 and KLC2 using the 63–90 antibody, cytoplasmic dynein intermediate chain (DIC), and synaptophysin (SYN).
(D) Kinesin-I (63–90 lanes) and a mock no antibody control (beads lanes) were immunoprecipitated as in (C). The precipitates were blotted
for SYD with either the SC2 or SN1 antiserum. The SC2 blot was reprobed with the SN1 antiserum (both antisera).
(E) Kinesin-I (63–90, KLC1 and KLC2 lanes), and a mock no antibody control (beads lane) were immunoprecipitated from KLC1 null mouse
brain extract. The precipitates were analyzed by Western blot as in (C), total IgG is also shown (probing with both anti-rabbit and anti-mouse
secondary antibodies). KLC1 is absent from all lanes, as expected, however its predicted location is indicated.
(F) The SN-1 N-terminal SYD antiserum and preimmune serum from the same rabbit were used to immunoprecipitate from wild-type mouse
brain extract. The precipitates were analyzed by Western blot for KLC1 and KLC2 using the 63–90 antibody, synaptophysin (SYN), and rabbit
IgG.
if SYD precipitation is dependent upon KLC, we immu- upon SYD. To test the stringency of the IPs, we probed
for synaptophysin (SYN), a known axonal transportnoprecipitated from detergent solubilized klc1 null brain
extracts (Figure 5E). As expected, KLC1 antibodies did cargo of the kinesin-related motor KIF1A (Okada et al.,
1995). SYN is not detected in any immunoprecipitatenot coimmunoprecipitate SYD from KLC1 null extracts,
while KLC2 and 63–90 antibodies did, indicating that despite abundant levels in the extract, indicating that
the IP conditions are relatively specific (Figures 5C andKLC1 antibody mediated IP of SYD is dependent upon
KLC1 precipitation. To confirm that SYD interacts with 5F). In sucrose gradients of mouse brain membrane-
associated proteins, SYD is seen to cosediment withkinesin-I, we immunoprecipitated SYD with the SN1 anti-
serum from wild-type brain extracts (Figure 5F). We KLC1 and KLC2, but not cytoplasmic dynein (data not
shown). This observation is consistent with the coimmu-found that KLC1 and KLC2 were coimmunoprecipitated
by the SN1 antiserum, but not the preimmune serum noprecipitation data suggesting that SYD is in a protein
complex with both KLC1-containing and KLC2-con-from the same rabbit. However, as the SN1 antiserum
recognizes proteins other than SYD, we cannot be cer- taining kinesin-I in vivo.
To confirm that SYD interacts directly with KLC, wetain that the observed KLC precipitation is dependent
Cell
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Figure 6. mSYD2 Directly Binds KLC1 and KLC2 In Vitro
(A) Anti-HIS tag Western blots of GST pulldown in vitro binding experiments. 6xHIS-tagged fusion proteins (N or C terminus of mSYD2 or the
KHC tail from KIF5B) were tested for binding to GST, GST-KLC1, or GST-KLC2, in the presence or absence of the indicated KLC antibody.
Under the conditions used 20%–40% of the mSYD2 bound to GST-KLC1 and GST-KLC2. Unbound 6xHIS-tagged fusion proteins from the
GST binding experiment are also shown to illustrate composition of input protein. The 6xHIS-tagged N-terminal mSYD2 and 6xHIS-tagged
KIF5B fusion proteins migrate as doublets on SDS-PAGE; the 6xHIS-tagged C-terminal mSYD2 migrates as a monomer and dimer on SDS-
PAGE.
(B) Binding curve (inset) and Scatchard plot generated using a fixed concentration (46 nM) of total 6xHIS-tagged N-terminal mSYD2 (N-SYD2)
and measuring fraction bound over a 500-fold range of total GST-KLC1 (as indicated). The concentration of bound and free GST-KLC1 was
calculated for each point and used to generate the graphs shown. We report a conservative 99% confidence interval for the Kd, calculated
by averaging the Kd determined from each point of the binding curve using the standard equalibrium equation Kd 5 [L][R]/[LR]; the concentration
of free N-SYD2 used in the equation was calculated by adjusting for the fraction of active N-SYD2 (see Experimental Procedures section).
Scatchard analysis predicts a stronger affinity of Kd < 80 nM (21/slope) with linear regression R2 5 0.980.
(C) Binding curve (inset) and Scatchard plot generated as in (B) to measure the affinity of interaction between N-SYD2 and GST-KLC2. A
conservative 99% confidence interval for the Kd is reported, calculated as in (B). Scatchard analysis predicts a slightly stronger affinity of
Kd < 180 nM (21/slope) with linear regression R2 5 0.976.
performed a GST pulldown in vitro interaction study mouse KHC, was used as a positive control for in vitro
KLC binding. To confirm that the interaction of SYD withbetween mSYD2 and mouse KLC1 and KLC2 (Figure 6).
Bacterial expressed 6xHIS-tagged N-terminal mSYD2 kinesin-I is mediated through the TPR domain of KLC,
we tested whether an antibody against the TPR domain,(N-SYD2) and 6xHIS-tagged C-terminal mSYD2 (C-SYD2)
were purified and tested for direct in vitro binding to KLC-ALL (Stenoien and Brady, 1997), or an antibody
against the KLC N-terminal domain, 63–90, could disruptbacterial expressed GST-fusion proteins GST-KLC1, GST-
KLC2, or GST alone. N-SYD2 bound both GST-KLC1 and the in vitro binding of mSYD2 to KLC1 and KLC2. We ob-
served significant inhibition of binding between N-SYD2GST-KLC2 in vitro, while C-SYD2 did not bind either
GST-KLC1 or GST-KLC2; neither protein bound GST and both GST-KLC1 and GST-KLC2 by the KLC-ALL
antibody, while the 63–90 antibody experiment was in-alone (Figure 6A). Additionally, 6xHIS-tagged KIF5B, a
Axonal Transport Is Mediated by sunday driver
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distinguishable from the no antibody control experi- membrane in MDCK cells (Kreitzer et al., 2000). Unfortu-
nately, since our SYD antibodies recognized multiplement. To determine the binding affinity between SYD
and KLC, we performed a series of binding experiments bands on Westerns, we were unable to definitively deter-
mine the class of axonal vesicles harboring endogenousover a broad range of concentrations for GST-KLC1 and
GST-KLC2 (Figures 6B and 6C). Both KLC1 and KLC2 SYD.
We also observed that the overexpression of GFP-fusion proteins exhibited binding affinities in the 200 nM
range with N-SYD2. mSYD2 resulted in a dramatic expansion of the G58K-
stained compartments, while the ERGIC and mitochon-
dria were not affected. One possibility is that the correctDiscussion
target membrane for SYD-containing vesicles does not
exist in the transfected cells. In fact, we never observedKinesin-I is a microtubule-dependent motor protein re-
GFP-mSYD2 at the plasma membrane suggesting thatquired for axonal transport. To identify the mechanism
either GFP-mSYD2 containing vesicles never fuse withby which kinesin-I binds axonal cargo, we screened for
the plasma membrane, or GFP-mSYD2 is degraded priornovel axonal transport mutants in Drosophila. Our data
to fusion. Thus, the increase in total secretory compart-provide evidence that one such gene identified from this
ment membrane seen in the GFP-mSYD2 transfectedscreen, syd, is required for kinesin-I mediated axonal
cells may be due to a back-up of undeliverable cargo.transport. We propose that SYD functions as a mem-
Alternatively, since the GFP is located at the N terminusbrane-associated receptor for the axonal transport of
of the GFP-mSYD2 construct, it is possible that thepost-Golgi vesicles and possibly other SYD binding pro-
kinesin-I interacting N-terminal domain of SYD may beteins by interacting with the TPR domain of the KLC
proteolytically cleaved before vesicle fusion with a tar-subunit of kinesin-I. This direct interaction between
get membrane.kinesin-I and a membrane bound protein is distinct from
the recently reported adaptor mediated cargo interac-
tion between the kinesin superfamily member KIF17 and The Role of SYD in Kinesin-I Function
NMDA receptor-containing dendritic vesicles (Setou et Previous studies of kinesin-I function have left a some-
al., 2000). what confusing view of the role of KHC and KLC in cargo
binding and motor regulation during kinesin-I mediated
transport. While some studies suggest that KHC is suffi-The Role of SYD in Axonal Transport
Genetic evidence indicates that SYD is required for axo- cient for membrane binding (Skoufias et al., 1994), other
studies suggest a role for KLC in the interaction ofnal transport. Drosophila syd mutants display axonal
transport mutant phenotypes identical to kinesin-I, cyto- kinesin-I with membranes (Stenoien and Brady, 1997).
Recent work demonstrates that KHC accumulates atplasmic dynein, and dynactin mutants. It is not immedi-
ately apparent why mutations of a gene required for the Golgi apparatus in a mouse klc1 mutant (Rahman
et al., 1999). While kinectin has been identified as aaxonal transport would cause accumulations of mem-
branous cargoes within the axon, and not just result possible anchor between kinesin-I and its membranous
cargoes, the nature of the kinectin interaction within accumulations within the neuron cell body. A likely
explanation for the observation of these accumulations kinesin-I is unknown (Sheetz, 1999). Also, there is con-
flicting evidence about whether it is KLC or the tail ofin Drosophila axonal transport mutants is that maternally
contributed wild-type gene product, which is slowly de- KHC that keeps kinesin-I inactive until membrane bind-
ing has occurred (Verhey et al., 1998; Coy et al., 1999;pleted over the life of the mutant, permits cargo to enter
the axon but is insufficient to allow for processive motil- Friedman and Vale, 1999; Stock et al., 1999). Addition-
ally, phosphorylation of kinesin-I has been implicatedity of the cargo. Therefore, we cannot distinguish from
the mutant data alone whether SYD is required for in activating kinesin-I motility (reviewed in Sheetz, 1999).
This ambiguity in the contribution of KLC and KHC tokinesin-I to interact with the vesicles on which it resides,
or whether it regulates the interaction or activity of kinesin-I cargo binding and/or motor activity regulation
may stem from an inadequate understanding of the na-kinesin-I in association with those vesicles, or both.
Additional analysis suggests that SYD may be local- ture of the kinesin-I cargo interaction. As discussed be-
low, our data, combined with previous antibody inhibi-ized to the secretory pathway. Transfected SYD co-
localizes with tubulovesicular structures stained by tion data (Stenoien and Brady, 1997), suggest that direct
interactions between the TPR domain of KLC and cargo-G58K, a marker of the Golgi, and post-Golgi vesicles of
the secretory pathway (Bashour and Bloom, 1998; Gao associated membrane proteins are required for kinesin-I
mediated transport.et al., 1998; Hennig et al., 1998), and with kinesin-I
and G58K-stained vesicles within the cytoplasmic pro- Five independent lines of evidence support the pro-
posal that SYD interacts directly with kinesin-I: colocali-cesses extended by CV-1 cells in culture. Although it is
difficult to draw rigorous conclusions about the localiza- zation of GFP-mSYD2 with kinesin-I containing vesicles,
yeast two-hybrid analysis showing that SYD interactstion of endogenous protein from a transfection experi-
ment, this experiment, combined with the mutant phe- with the KLC subunit of kinesin-I, direct in vitro binding
of bacterial expressed SYD to KLC, comigration of SYDnotype, and the observation that SYD can be found in
sciatic nerve and brain, suggests that at least one site with kinesin-I in sucrose gradients of detergent solubi-
lized mouse brain proteins, and coimmunoprecipitationof SYD function is in post-Golgi vesicular elements of
the secretory pathway in neurons. This view is also con- of SYD from mouse brain extracts with kinesin-I antibod-
ies. Together, these data provide compelling evidencesistent with the recent report that kinesin-I is required
for the transport of post-Golgi vesicles to the plasma for a direct interaction between SYD and kinesin-I.
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Our work also suggests that the TPR domain of KLC that the cargo receptors for microtubule motors, such
as SYD and rhodopsin, may themselves be the cargoplays a critical role in the functional interaction of
kinesin-I with membranous axonal cargo by binding of the motors, an evolutionarily efficient mechanism.
SYD. The observation of increased recruitment of
Experimental Procedureskinesin-I to the SYD-containing compartment in GFP-
mSYD2 overexpressing cells supports a role for the
Drosophila Protocols
KLC-SYD interaction in recruiting kinesin-I to mem- The sydZ mutant was identified by screening 3rd chromosome EMS
branes. Additionally, the KLC-ALL antibody, which rec- lethal lines (bw; st l(3)EMS/TM6B, Tb) obtained from Charles Zuker
ognizes the TPR domain of KLC, has been reported to (UCSD) as described previously (Bowman et al., 1999). Mapping of
syd and identification of other syd alleles were done by complemen-inhibit the association of kinesin-I with membranes and
tation crosses to the Drosophila deficiency kit and other smallerblock fast axonal transport, while no such effects were
deficiencies at the syd interval (Bloomington Drosophila Stock Cen-seen with the 63–90 antibody, which recognizes the KLC
ter (BDSC)), by meiotic recombination, and by generating or ob-
N-terminal domain (Stenoien and Brady, 1997). Together taining multiple lethal and deficiency stocks over the syd genetic
with our experiments, these data provide substantial interval, including the P-element mutagenesis line Df(3L)sydA2,
evidence that interactions mediated by the TPR domain derived from the P-element line pbl09645 (BDSC), stocks from Ar-
thur Wohlwill (University of Illinois Medical Center; sydD1, andof KLC are required for kinesin-I to interact with its mem-
Df(3L)SW51), Kalpana White (Brandeis University; syd2H; Grasso etbranous cargoes. Since mutations of syd result in de-
al., 1996), and others (data not shown), using standard protocols.fects in axonal transport, this interaction appears to be
Identification and sequencing of the breakpoints or mutations in
required for kinesin-I to transport at least some cargoes. Df(3L)sydA2, sydZ, sydD1, and syd2H were done by PCR and sequencing
To reconcile these findings with the observation that on an ABI377-96 automated sequencer. Immunohistochemistry of
klc1 mutants in mouse show KHC accumulation at the larval segmental nerves was done as previously described (Gindhart
et al., 1998; Bowman et al., 1999).Golgi, we suggest that in the absence of KLC, KHC
acquires or retains a membrane binding activity, as has
SYD Protein Comparison and Domain Structure Analysisbeen reported by Skoufias et al. (1994). Interestingly,
Sequence assemblies and comparisons of syd genes and SYD pro-
native kinesin-I from Neurospora crassa does not con- teins were done as described previously (Bowman et al., 1999).
tain light chains (Steinberg and Schliwa, 1995), sug- Analysis of domain structure was done by using a series of algo-
gesting that this binding activity may be a remnant of rithms available over the WWW and on the GCG suite of software.
Coiled coil regions were identified using the COILSCAN on GCG.an evolutionarily primitive kinesin-I, which functioned
Analysis of transmembrane domains was done using multiple algo-without light chains. This KHC membrane binding activ-
rithms, including the hydrophobicity algorithms on GCG, the Top-ity may have some functional role, but is clearly insuffi-
Pred 2 server, the TMAP prediction algorithms (Persson and Argos,
cient for membrane transport in multicellular organisms. 1994), and others. The sequences were examined for the presence
However, it may increase the strength of the motor– of an N-terminal signal sequence using GCG and the SignalP V1.1
cargo interaction, or facilitate rapid recruitment to cargo. server (Nielsen et al., 1997).
While the role of KHC in cargo binding is still unclear, our
Antibodies and Dyesdata demonstrate that the TPR domain of KLC directly
A peptide (CDAHPRKESQVRQMAW) encoding a conserved regionbinds a membrane cargo associated protein required
of the C-terminal domain of SYD was used by Sigma Genosys to
for axonal transport. raise antisera SC1 and SC2, both were used at 1:500 on Westerns.
An mSYD2 N-terminal domain (amino acids 1–772) fusion protein
was used by Lampire Biological Laboratories to raise the antiserumOther Roles for SYD
SN1, used at 1:500 on Westerns following depletion of the antiserumProteins that function as receptors for microtubule-
with an acetone powder of bacteria expressing a portion of thedependent motors may also have independent functions
antigen. b9-COP (CM1A10) antibody was used at 1:5000 (Orci et al.,
once delivered to their proper location. In fact, this is 1993; Lowe and Kreis, 1996). KLC 63–90 antibody was used at
the case for the first suggested membrane receptor of 1:1000 (Stenoien and Brady, 1997). MitoTracker Red CM-H2XRos,
cytoplasmic dynein, rhodopsin (Tai et al., 1999). It is and COX-1 antibodies were used as indicated by Molecular Probes.
Golgi-58K antibody (58K-9) was used as indicated by Sigma. DICpossible that SYD also has functions outside of its role
antibody (MAB1618) was used as indicated by Chemicon Interna-in axonal transport. Recently, two groups independently
tional. SYN antibody (SY38) was used as indicated by Boehringer.cloned mSYD2, calling it JSAP1 (Ito et al., 1999) and JIP3
(Kelkar et al., 2000), as a neural-enriched scaffolding
Transfections
protein for the JNK MAPK cascade. They observed a Full-length msyd2 cloned into the pEGFP-N1 vector (Clontech) by
preferential binding of mSYD2 to the JNK3 group of PCR subcloning from the full-length msyd2 cDNA clone MNCb-2026
(accession # AU051436) was transiently transfected into CV-1 cellsMAPKs. The JNK3 pathway has been shown to be re-
(ATCC) using GenePORTER Transfection Reagent (Gene Therapyquired for stress-induced neuronal apoptosis (Yang et
Systems). Immunocytochemistry and costaining was performed us-al., 1997). Once delivered to the synapse, mSYD2 may
ing standard protocols (formaldehyde fixation, saponin permeabili-function as a membrane-associated scaffolding protein
zation, and PBS15%BSA antibody incubation and wash buffer) two
for the JNK3 signaling cascade. Given the binding of days posttransfection.
mSYD2 to the proteins of the JNK MAPK cascade, it is
possible that SYD is also required to transport this group Yeast Two-Hybrid Analysis
Yeast transformation, media, and b-gal assays were performed us-of proteins down neuronal processes. This finding hints
ing established protocols (Ausubel et al., 1997; Parchaliuk et al.,at a potential link between intracellular signaling path-
1999). The LexA 2-hybrid system vectors PEG202 (bait plasmids)ways and microtubule-dependent transport. However,
and pJG4-5 (prey plasmids), in combination with lacZ reporter plas-
further work is needed to determine whether kinesin-I mid pSH18-34 (Zervos et al., 1993), expressed subfragments of
has a role in the JNK signaling pathway, and the extent Drosophila SYD, KLC, and KHC in yeast strain EGY191 (MATa trp1,
his3, ura3, lexAops-LEU2). The bait plasmids are DBD-SYDct con-of cross-talk between them. These findings also suggest
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taining amino acids 1014–1227 of SYD, DBD-SYDnt containing tissues, and members of the Gindhart lab (UMB) for technical assis-
tance.amino acids 1–724 of SYD, and the vector control DBD-empty (no
insert). The prey plasmids are AD-KHC containing amino acids 675–
A. B. B. was supported by the UCSD Pharmacology Training Grant.975 of KHC, AD-KLC containing amino acids 4–508 of KLC, AD-
J. G. G. is supported by NSF grant MCB-9974835. This work wasKLCcc containing amino acids 4–163 of KLC, and AD-KLCtpr con-
supported by NIH grant GM35252. L. S. B. G. is an investigator oftaining amino acids 4–12 and 163–508 of KLC, and the vector control
the Howard Hughes Medical Institute.AD-empty (no insert).
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